Introduction
============

Renal artery stenosis (RAS) is general term that refers to any vascular lesion causing narrowing of the renal artery thereby impairing blood flow to the kidney. This disease encompasses a broad range of pathophysiologies, the two most common being fibromuscular dysplasia (FMD) and atherosclerotic renal artery disease.[@b1-ijnrd-7-169] This review will primarily focus on the epidemiology and treatment of atherosclerotic renal artery stenosis (ARAS), which accounts for the vast majority of cases. RAS is associated with three major clinical syndromes: ischemic nephropathy, hypertension, and destabilizing cardiac syndromes. However, a diagnosis of RAS may also result from an incidental finding in an otherwise asymptomatic patient. A diagnosis of ARAS is associated with a poor prognosis and often with atherosclerotic disease in other vascular beds. A wide range of diagnostic modalities and treatment approaches for RAS are available to clinicians, and with the advent of endovascular interventions, selecting the best course for a given patient has only grown more challenging. Several clinical trials have demonstrated some benefit with revascularization but not to the extent that many had hoped for or expected.[@b2-ijnrd-7-169],[@b3-ijnrd-7-169] Furthermore, much of the existing data is only marginally useful given significant flaws in study design and inherent bias. There remains a need for further identification of subgroups and appropriate indications in hopes of maximizing outcomes and avoiding unnecessary procedures in patients who would not benefit from treatment. In recent decades, the study of RAS has expanded and evolved rapidly. In this review, we will attempt to summarize the amassed body of literature with a focus on the epidemiology of RAS including prevalence, overlap with other atherosclerotic disease, and prognosis. We will also outline existing diagnostic and treatment approaches available to clinicians as well as summarize the findings of several major clinical trials. Finally, we will offer our perspective on future directions in the field.

Nonatherosclerotic renal artery disease
=======================================

Nonatherosclerotic renal artery disease accounts for a wide range of etiologies. This list includes FMD, aneurysms, congenital or traumatic arteriovenous fistulas, vasculitis, neurofibromatosis, trauma, embolization, congenital bands, post-radiative therapy, and dissection. FMD is by far the most common of the nonatherosclerotic causes, accounting for 10% of all RAS.[@b1-ijnrd-7-169] FMD predominately affects premenopausal woman, typically ranging from 15 to 50 years of age and has been associated with a history of smoking and hypertension.[@b4-ijnrd-7-169] Unlike atherosclerotic renovascular disease, FMD is largely a disease of the young and healthy with few cardiovascular risk factors. Histologically, FMD may involve the intima, media, and adventitia; however, 90% involve the media.[@b1-ijnrd-7-169] On angiography, FMD has classically been described as having a "beads-on-a-string" appearance due to contrast filling of consecutive aneurysms along the renal artery. In patients with FMD, the distal two-thirds of the renal artery is the most commonly affected location; however, the disease may also involve carotid and vertebral arteries.[@b5-ijnrd-7-169] Though it may resemble vasculitis, FMD is noninflammatory, and the cause remains unknown. It is thought that a genetic component plays a role.[@b4-ijnrd-7-169] FMD is generally associated with a good prognosis and usually does not progress to complete occlusion.

Atherosclerotic renal artery disease
====================================

Atherosclerotic disease is the most common disease to affect the renal arteries, making up 90% of all renovascular lesions.[@b1-ijnrd-7-169] Atherosclerotic RAS (ARAS) typically involves the proximal third of the renal artery including the perirenal aorta and ostium.[@b5-ijnrd-7-169] ARAS is associated with renovascular hypertension, but more consistently, ARAS presents with nephropathy.[@b6-ijnrd-7-169] Unlike FMD, patients with ARAS are commonly elderly and have multiple cardiovascular risk factors. In these patients, atherosclerosis is generally systemic and not limited to the renal artery, a concept to be discussed in depth in a following section. More often than not, ARAS is a progressive disease characterized by worsening stenosis and eventual occlusion with wider implications in regards to both organ function and patient prognosis.

Pathophysiology
===============

RAS is a common cause of secondary hypertension. Though likely an oversimplification of a more complex pathophysiology, the mechanism leading to the development of renovascular hypertension is typically classified as either renin-dependent or primarily a result of volume overload. This theory dates back to the 1930s, when Goldblatt et al performed a series of studies examining the impact of unilateral and bilateral RAS (BRAS) on blood pressure.[@b7-ijnrd-7-169] By clamping renal arteries in dogs, Goldblatt et al demonstrated a systemic pressor effect. They postulated that this effect was due to a substance produced by the kidneys causing vasoconstriction. The substance was ultimately isolated and identified as the proteolytic enzyme now known as renin. Renin is an early effector in the larger renin angiotensin aldosterone neurohormonal cascade. When ischemia occurs downstream of a stenotic renal artery, renin is released from juxtaglomerular cells. Renin then cleaves angiotensinogen to form angiotensin I, which must be further processed to angiotensin II by angiotensin-converting enzyme (ACE) produced in the lung endothelium and vasculature. Angiotensin II is the active enzyme and has multiple downstream effects. Angiotensin-II-mediated vasoconstriction causes hypertension, leading to pressure diuresis of the unaffected kidney. Glomerular filtration rate (GFR) is increased via vasoconstriction of the efferent arteriole. Antidiuretic hormone is released from the posterior pituitary gland, causing water conservation, further contributing to pressure diuresis. Release of aldosterone from the adrenal glands enhances exchange of sodium in the nephron-promoting volume retention. In addition, angiotensin increases sympathetic tone. The mechanism behind BRAS or unilateral RAS with a solitary kidney is due to extracellular fluid overload secondary to decreased diuresis rather than a renin-mediated mechanism. It is important to distinguish between renin-dependent and renin-independent patients as the initiation of an angiotensin II inhibitor may induce acute renal failure in a renin-dependent system.

Ischemic nephropathy can be defined as an obstruction causing decreased perfusion leading to renal ischemia and subsequent excretory dysfunction. The cause of ischemic nephropathy has not been fully elucidated. However, several interrelated mechanisms have been proposed explaining how a hemodynamically significant lesion ultimately results in interstitial fibrosis.[@b8-ijnrd-7-169] By one pathway, recurrent local ischemia causes tubulointerstitial injury and microvascular damage. By another, global hypoperfusion of the kidney leads to altered endothelial and epithelial factors as well as activation of the renin-angiotensin aldosterone system and subsequent vasoconstriction. Both pathways are thought to contribute to oxidative injury, increased production of fibrogenetic cytokines, and inflammation, ultimately leading to atrophy and fibrosis.

RAS may either cause or exacerbate cardiac destabilizing syndromes, including unstable angina (UA) and congestive heart failure characterized by flash pulmonary edema. RAS precipitates these conditions through three general mechanisms: volume overload, peripheral arterial vasoconstriction, and direct effects of angiotensin on the myocardium. Flash pulmonary edema can be described as a specific presentation of acute decompensated heart failure characterized by rapid fluid accumulation within the lungs. Flash pulmonary edema can occur secondary to several conditions, all of which result from an acute increase in end diastolic left ventricular pressure. Flash pulmonary edema does occur in unilateral RAS, but tends to occur more often in patients with BRAS.[@b9-ijnrd-7-169] In BRAS, the mechanism can be explained by impaired natriuresis and thus, a propensity for volume overload. This phenomenon was first reported by Pickering et al in 1988 in a case series of eleven hypertensive patients with BRAS and recurrent pulmonary edema.[@b10-ijnrd-7-169] UA is defined as pain due to cardiac ischemia that is new in onset or is increasing in frequency or intensity. The prototypical cause of UA is atherosclerosis and plaque rupture. RAS, however, may contribute to UA via an acute angiotensin-mediated increase in afterload. Increased left ventricular workload leads to increased oxygen demand, resulting in myocardial ischemia.

Prevalence
==========

Historically, it has been difficult to determine the true prevalence of RAS in the general population. Prior to newer, noninvasive diagnostic techniques, most studies were performed postmortem or were selective of subpopulations undergoing angiography. For example, several decades ago, a large series of 14,152 patients who underwent angiography found insignificant disease (\<50% stenosis) in one or more vessels in 5.1% of patients and significant stenosis in 6.3% of patients.[@b11-ijnrd-7-169] A more recent population-based study utilizing a noninvasive screening technique found similar results. The authors found that 6.8% of both Black and White elderly patients enrolled in the Cardiovascular Health Study had ≥60% stenosis or occlusion as determined by renal duplex sonography.[@b12-ijnrd-7-169] There was no correlation between RAS and ethnicity while disease was independently associated with age, hyperlipidemia, and hypertension. It is well established that the prevalence of RAS is increased in elderly patients, particularly in those with additional comorbid conditions such as diabetes, aortoiliac occlusive disease, coronary artery disease (CAD), or hypertension.[@b1-ijnrd-7-169],[@b13-ijnrd-7-169]

Overlap of RAS with other atherosclerotic disease
=================================================

It has long been recognized that patients with known atherosclerotic vascular disease in one arterial bed are likely to have or develop disease in another. The risk of concurrent ARAS ranges from 26% to 50% with a diagnosis of arterial atherosclerotic disease elsewhere in the arterial vasculature.[@b14-ijnrd-7-169] Specifically, the overlap of RAS with CAD, peripheral arterial disease (PAD), and carotid arterial disease has been well described. There also appears to be a relationship between the severity of RAS and the incidence of atherosclerotic disease. In a study by Wollenweber et al, \~31% of patients with mild atherosclerotic narrowing (\<50% occlusion) of a renal artery had symptomatic arterial disease in the coronary, cerebrovascular, or peripheral vascular circulation.[@b15-ijnrd-7-169] This proportion was increased to 49% in patients with moderate to severe stenosis (\>50%).

In patients with CAD, the risk of RAS (\>50% stenosis) ranges from 22% to 89%.[@b14-ijnrd-7-169] The prevalence of RAS tends to increase with the number of coronary vessels involved. In fact, the presence of significant CAD with greater than two vessel involvement was found to be an independent predictor of RAS with a sensitivity of 0.84 and specificity of 0.77.[@b16-ijnrd-7-169] A history of percutaneous coronary intervention (PCI) is quite prevalent among patients with significant RAS, \~39%.[@b17-ijnrd-7-169] Not surprisingly, clinically overt CAD is more common among patients with RAS than without. In a study of patients with unsuspected RAS, 58% were shown to have clinical CAD (documented myocardial infarction, positive PCI, history of coronary artery bypass grafting, electrocardiogram change, or angina) compared with 39% of patients without RAS (*P*=0.002).[@b18-ijnrd-7-169]

The overlap of PAD with RAS is significant. In a group of patients who underwent angiography as a part a routine evaluation for a known vascular pathology, greater than 50% RAS was found in 38% of patients with abdominal aortic aneurysm, 33% with aorto-occlusive disease, and 39% with lower-extremity occlusive disease.[@b20-ijnrd-7-169] A prospective study of patients with RAS documented by ultrasonic duplex scanning demonstrated a similarly high prevalence of PAD as assessed by ankle/brachial systolic pressure ratio.[@b21-ijnrd-7-169] For those with high-grade RAS, the prevalence of severe PAD was 73% versus 25% with RAS of less than 60%. Another study observed a trend for patients with increasing degrees of renal artery disease to have increasing degrees of lower extremity arterial disease.[@b22-ijnrd-7-169]

Carotid artery lesions are more common and more severe in patients with renovascular hypertension. It has been shown that 40% to 46% of patients with significant RAS have moderate to severe occlusion of the carotid circulation.[@b14-ijnrd-7-169] A case-control study of patients without history or symptoms of cerebrovascular disease (CVD) compared patients with renovascular hypertension to those with essential hypertension (EH).[@b23-ijnrd-7-169] Almost twice as many patients with renovascular hypertension had carotid arterial stenosis as compared to those with EH. In the same study, it was found that the plaques in patients with renovascular hypertension were more heavily calcified than those with EH. Just as with PAD, increasing severity of RAS correlates with an increasing prevalence of CAD. From mild RAS to severe RAS, the prevalence increases from 7% to 28%, a striking four-fold difference.[@b22-ijnrd-7-169] There is also an association of RAS with clinical CVD. This relationship was examined in a series of autopsies of patients with clinical evidence of stroke, who died between 1980 and 1997.[@b24-ijnrd-7-169] The authors identified significant atherosclerotic RAS (\>75%) in 10.4% of patients. Furthermore, patients with carotid artery stenosis were more than four times as likely to have RAS than patients without carotid artery stenosis (24.4% versus 5.9%, *P*=0.0001). Conversely, 67.7% of patients with RAS had carotid artery stenosis. Others have found that a history of CVD is an independent predictor of the presence of RAS.[@b17-ijnrd-7-169] In a large series of over 14,000 patients, a history of CVD was elicited in 9.2% without RAS versus 20.2% with RAS (odd's ratio: 2.3, 95% confidence interval \[CI\]: 2.0--2.7, *P*=0.000001).[@b17-ijnrd-7-169]

Prognosis
=========

ARAS is a progressive disease in regards to both lesion and kidney function, conferring a poor prognosis to affected patients. Caps et al followed the natural progression of RAS in 295 renal arteries in 170 patients with serial duplex scans.[@b25-ijnrd-7-169] Stratified by initial degree of stenosis, the 3-year cumulative incidence of renal artery disease progression was 18% in normal arteries, 29% of arteries with \<60% stenosis, and 49% of those with ≥60% stenosis at baseline. Total occlusion occurred in only nine (6.3%) of the arteries with ≥60% stenosis. The authors concluded that while renal artery disease progression occurs frequently, progression to total renal artery occlusion does not. An alternative study observed progression to total occlusion in 39% of patients with ≥75% stenosis on renal arteriography.[@b26-ijnrd-7-169] Unfortunately, complete occlusion occurs even in patients medically treated with adequate blood pressure control. In the Dutch Renal Artery Stenosis Intervention Cooperative (DRASTIC) trial, progression to complete occlusion occurred in 16% of patients treated medically.[@b27-ijnrd-7-169] At baseline, several conditions have been shown to be significantly associated with renal artery disease progression, including severity of disease and comorbid conditions including diabetes and hypertension. Specifically, a stepwise Cox proportional hazards model included four baseline factors that were significantly associated with the risk of renal artery disease progression.[@b25-ijnrd-7-169] These included systolic blood pressure ≥160 mmHg (relative risk \[RR\] =2.1; 95% CI: 1.2--3.5), diabetes mellitus (RR =2.0; 95% CI: 1.2--3.3), and high-grade stenosis (\>60% or occlusion) in either artery, ipsilateral (RR =1.9; 95% CI: 1.2--3.0) or contralateral (RR =1.7; 95% CI: 1.0--2.8).

Atherosclerotic RAS is associated with decreased kidney function, renal atrophy, and ultimately, renal failure. In a series of 204 kidneys with ARAS in 122 subjects followed by duplex scans for an average of 33 months, the 2-year cumulative incidence of renal atrophy was 5.5% in normal renal arteries, 11.7% with \<60% stenosis, and 20.8% with 60% stenosis (*P*=0.009, log rank test).[@b28-ijnrd-7-169] The authors also identified several baseline factors associated with a high risk of renal atrophy including hypertension, severe stenosis, and low renal cortical blood flow velocity. The occurrence of renal atrophy was well-correlated with increases in serum creatinine concentrations. This decline in organ function was also observed in a prospective study of patients with ARAS who were treated medically.[@b29-ijnrd-7-169] Over the average follow-up period of 28 weeks, 46% had increased serum creatinine, 25% to 50% had a decline in GFR, and 37% had a decrease in kidney size by more than 10%. It is not surprising then, that in a population of patients requiring dialysis, 12% likely developed end stage renal disease (ESRD) secondary to ARAS.[@b30-ijnrd-7-169] To make matters worse, ESRD due to ARAS is associated with worse survival rates as compared to other etiologies. The median survival rates in ESRD secondary to various etiologies was 25 months, 55 months, and 133 months for renovascular disease, malignant hypertension, and polycystic kidney disease, respectively.[@b31-ijnrd-7-169] Increased mortality associated with ARAS has been observed even in the absence of ESRD with 2-year survival rates of 96%, 74%, and 47% for unilateral RAS, BRAS, and RAS affecting a solitary functioning kidney, respectively.[@b32-ijnrd-7-169] It is evident that severity of disease also predicts survival. Four-year adjusted survival for patients with 50%, 75%, and ≥95% stenosis is 70%, 68%, and a dismal 48%, respectively. Furthermore, bilateral disease has been associated with a 4-year survival of 47% as compared with 59% for patients with unilateral disease (*P*\<0.001).[@b19-ijnrd-7-169]

Diagnosis
=========

There is a wide array of diagnostic modalities available for the identification of atherosclerotic RAS. According to the American College of Cardiology/American Heart Association (ACC/AHA) Clinical Practice Guidelines, duplex ultrasonography, computed tomographic angiography (CTA), and magnetic resonance angiography (MRA) all receive a class I indication (level B evidence) as a screening test to establish the diagnosis of RAS.[@b33-ijnrd-7-169] When the clinical index of suspicion is high and the results of noninvasive tests are inconclusive, catheter angiography is then recommended for screening as well. Each of these diagnostic techniques comes with its own unique set of advantages and disadvantages, providing clinicians with a number of approaches for any given patient. Receiving a Class III recommendation is captopril renography (also known as captopril scintigraphy), an older diagnostic modality widely used in the past.[@b33-ijnrd-7-169] However, due to significant limitations and a sensitivity and specificity inferior to modern diagnostic techniques, this modality has fallen out of favor. Current guidelines state that captopril renal scintigraphy is not recommended as a screening test to diagnose RAS (level C evidence).[@b33-ijnrd-7-169]

Duplex ultrasonography combines direct visualization of renal arteries (B-mode imaging) with Doppler velocity measurements of blood flow. Information provided by this technique includes location and degree of stenosis, measurement of kidney size, visualization of adjacent processes (obstruction, masses, AAA, etc), and assessment of intrinsic small vessel renovascular disease. In addition, new software has allowed for visualization of the entire renal artery including the distal portion; however, ability to visualize accessory renal arteries remains limited. Duplex boasts a number of advantages. This noninvasive test is not affected by medications that the patient may be taking, the level of renal function, whether the disease is unilateral or bilateral, or if it affects a solitary functioning kidney. It is the least expensive imaging modality and does not require the use of intravenous contrast unlike CTA or MRA. Duplex is particularly useful for follow up after implantation of metallic stents.[@b5-ijnrd-7-169] However, duplex is not without limitations. The test is time-consuming with prolonged examination times (\~45 to 60 minutes). It can be technically challenging in obese patients or in the presence of abdominal gas, and there is also significant dependence on the operator. Notably, Hansen et al demonstrated a 10% to 20% rate of failure due to the operator's inexperience or the presence of obesity or bowel gas.[@b34-ijnrd-7-169] To maximize results, an experienced technician should perform the test on a fasting patient in the morning.[@b32-ijnrd-7-169],[@b34-ijnrd-7-169] Detection of stenosis by ultrasound is determined by the measurement of a high peak systolic velocity (\>180 or \>200 cm/second) or by the renal aortic ratio, which is calculated by dividing the peak systolic velocity of the renal artery by the peak systolic velocity of the adjacent aorta.[@b35-ijnrd-7-169] A normal ratio is \<3.5. The sensitivity and specificity of a renal aortic ratio \>3.5 as compared to contrast arteriography has been estimated at 84% and 97%, respectively.[@b35-ijnrd-7-169] This translates to a positive predictive value of 94% for the detection of stenosis greater than 60%. A larger study by Olin et al, observed a higher value of 98% for both sensitivity and specificity.[@b36-ijnrd-7-169]

CTA is a form of diagnostic imaging that utilizes computer software to reconstruct an image from X-rays projected from several directions targeted at the same vessel of interest. Multidetector computed tomography (MDCT) boasts increased speed of image acquisition as well as higher spatial resolution. Initially, the image output is a series of overlapping axial images. Through post-processing of volumetric data, a three-dimensional angiographic representation is rendered.[@b32-ijnrd-7-169] In addition to identifying stenotic lesions, CTA is useful for the visualization of adjacent anatomic structures. CTA has several advantages as compared to MRA, including higher spatial resolution and less artifact due to implanted metal stents; although vessel wall calcification can create potential difficulties in estimating the degree of stenosis. Compared to duplex, CTA is less operator-dependent. The requirement for injection of nephrotoxic iodinated contrast (100 to 150 cc) is a significant drawback, especially in the screening of ARAS, a population with increased prevalence of azotemia. While the time required for image acquisition is short, prolonged post-procedure processing time may be considered a limitation. CTA has proven to be a useful reliable test in the identification of RAS. For single-slice CTA, the sensitivity and the specificity for the detection of stenoses range between 88%--100% and 92%--98%, respectively.[@b37-ijnrd-7-169],[@b38-ijnrd-7-169] For multidetector computed tomography, the sensitivity and specificity ranges from 86%--93% and 90%--100%, respectively.[@b39-ijnrd-7-169],[@b40-ijnrd-7-169]

MRA is a method of imaging that utilizes the property of nuclear magnetic resonance. The technique allows for the visualization of the target vessel structure without the need for ionizing radiation. Intravascular contrast is required to enhance the imaging of blood vessels; however, gadolinium contrast is less nephrotoxic than the ionized contrast used for CTA. Therefore, MRA can be performed in patients with some degree of renal insufficiency (though, not in patients with severe renal insufficiency or dialysis dependence due to the risk of nephrogenic systemic fibrosis with gadolinium contrast in those with a GFR ≤30 mL/minute/1.73 m^2^), congestive heart failure, and dye allergy. Like CTA, MRA is less operator-dependent as compared to ultrasonography. MRA also contributes additional information not provided by other techniques. For example, MRA allows for the visualization of surrounding anatomical structures including accessory renal arteries that are otherwise not seen on ultrasonography. Furthermore, renal perfusion may be assessed, and GFR can be determined via calculation of gadolinium clearance. Unfortunately, MRA is the most expensive modality. In addition to cost, MRA has several other limitations. MRA cannot be used for patients with pacemakers or other metallic objects. Accordingly, MRA cannot be used to evaluate in-stent restenosis. While the aorta and proximal portion of the renal artery do not significantly move with respiration, persistent craniocaudal motion of the distal segment limits imaging in this portion of the renal artery.[@b41-ijnrd-7-169] While ARAS is typically a disease of the proximal renal artery, stenosis due to FMD is often distally located and accuracy with MRA may be limited.[@b32-ijnrd-7-169] The sensitivity and specificity for the identification of RAS have been shown to be greater than 90% by several studies.[@b42-ijnrd-7-169]--[@b44-ijnrd-7-169] According to a meta-analysis of 25 studies published between 1985 to 2001, the sensitivity and specificity of non-enhanced MRA were 94% (95% CI: 90%--97%) and 85% (95% CI: 82%--87%), respectively.[@b45-ijnrd-7-169] For gadolinium-enhanced MRA, sensitivity was 97% (95% CI: 93%--98%) and specificity was 93% (95% CI: 91%--95%). Thus, specificity and positive predictive value were significantly better for gadolinium-enhanced MRA (*P*\<0.001).

While arterial angiography remains the gold standard for the diagnosis of RAS, it is typically used only after a positive noninvasive screening test. Angiography is also recommended in cases in which RAS is highly suspected and definitive noninvasive imaging cannot be obtained or in cases in which peripheral access is already obtained such as for imaging of the coronary arteries or abdominal aorta.[@b33-ijnrd-7-169] Although more invasive than other techniques, the risk of complications is low. These risks include access-related complications, embolization, contrast-related allergic reactions, and contrast-induced nephropathy. The risk of contrast-induced nephropathy is \<3% in patients without diabetes or chronic kidney disease; though caution is warranted in patients with either of these conditions as the risk is increased dramatically.[@b33-ijnrd-7-169]

Treatment
=========

Medical therapy is a central pillar in the approach to treatment of RAS. Major goals include glycemic control optimization, cholesterol reduction, smoking cessation, blood pressure reduction, and primary prevention with aspirin, if indicated. According to ACC/AHA guidelines, ACE inhibitors, angiotensin receptor blockers, calcium channel blockers, and beta-blockers all receive a class I indication for the treatment of hypertension associated with RAS.[@b33-ijnrd-7-169] ACE inhibitors/angiotensin receptor blockers are a mainstay of most hypertensive regimens and have been shown to be 86% to 92% effective.[@b1-ijnrd-7-169] A limitation of modulation of the renin--angiotensin system is the potential to induce acute renal failure in patients with RAS to solitary functioning kidneys, severe bilateral stenoses, or advanced chronic kidney disease. While management of hypertension is a primary goal in the treatment of RAS, care should be taken to avoid reducing perfusion pressure so low as to induce ischemic nephropathy in pressure-dependent kidneys. Another major drawback of medical therapy is the apparent inability to prevent progression of existing stenosis, which has been the primary impetus for the development of more permanent and decisive solutions such as surgical and percutaneous revascularization.

Revascularization of the renal artery can be accomplished surgically or endovascularly. Bypass grafts, aortorenal or nonanatomic, and the more technically challenging aortorenal endarterectomy make up the various surgical approaches to revascularization. These techniques are effective treatment options and are comparable to balloon angioplasty; however, major complications associated with surgery have been reported to be twice as common as compared to the endovascular approach.[@b46-ijnrd-7-169] For this reason, angioplasty has largely replaced surgical therapy as a first-line treatment. To assess the efficacy of stent placement, angioplasty with stent placement was compared to angioplasty alone in a randomized prospective trial of patients with ostial ARAS.[@b47-ijnrd-7-169] The results favored angioplasty with stent implantation in regards to rates of primary patency, restenosis, and need for intervention at 6 months. Currently, clinical guidelines endorse stent implantation in ostial lesions in patients with an established indication for revascularization (class I recommendation, level of evidence: B).[@b33-ijnrd-7-169] An example of a severely stenotic renal artery before and after successful angioplasty and stenting is shown in [Figure 1](#f1-ijnrd-7-169){ref-type="fig"}.

Endovascular interventions have been used, with limited success, to treat the three clinical syndromes associated with RAS: ischemic nephropathy, hypertension, and destabilizing cardiac syndromes. The treatment of asymptomatic RAS is not well established in an asymptomatic unilateral RAS in a viable kidney; though, it may be considered in a BRAS or unilateral RAS of a solitary viable kidney, a Class IIb indication (level of evidence: C). Specific instances of severe hypertension receive a Class IIa indication for revascularization. Guidelines state that percutaneous revascularization is reasonable for patients with RAS and accelerated hypertension, resistant hypertension, malignant hypertension, hypertension with an unexplained unilateral small kidney, and hypertension with intolerance to medication (level of evidence: B). Revascularization for the preservation of renal function also receives a Class IIa recommendation. Intervention can be considered for patients with RAS and progressive chronic kidney disease with BRAS or a RAS to a solitary functioning kidney (level of evidence: B). Intervention may also be considered for patients with chronic renal insufficiency with unilateral RAS, a Class IIb indication (level of evidence: C). RAS with UA is a class IIa indication. Currently, the only class I indication for catheter-based intervention is for patients with hemodynamically significant RAS and recurrent, unexplained congestive heart failure or flash pulmonary edema (level of evidence: B). Current guidelines endorse few indications for endovascular intervention in the treatment of clinical syndromes related to RAS due to a lack supporting clinical evidence.[@b33-ijnrd-7-169]

Clinical trials
===============

Several major clinical trials have largely shaped our current understanding of the effectiveness of percutaneous intervention as compared to conservative treatment. Among the first large clinical trials was the DRASTIC trial.[@b27-ijnrd-7-169] In this study, 106 patients with RAS (≥50%) and resistant hypertension were randomized to renal angioplasty versus medical therapy. At 3 months, blood pressures were similar in the two groups, 169±28 and 99±12 mmHg in the angioplasty group and 176±31 and 101±14 mmHg in the drug therapy group (*P*=0.25 for systolic blood pressure, *P*=0.36 diastolic blood pressure). At 12 months, there were still no significant differences in blood pressures, diastolic or systolic. The authors concluded that in the treatment of patients with hypertension and RAS, angioplasty has little advantage over antihypertensive drug therapy. As is the theme with the existing body of clinical data, this trial has significant limitations. First, a sample size of 106 patients is less than ideal and possibly insufficient to see the true effect of invasive intervention. Notably, this trial examined the effectiveness of angioplasty alone, which has been shown to be inferior to angioplasty with stenting.[@b46-ijnrd-7-169] Therefore, the therapy evaluated by this trial does not reflect current standard practice. Furthermore, RAS was defined as greater than 50%, indicating that many non-hemodynamically significant lesions were treated. Finally, 22 out of the 55 patients originally randomized to medical therapy crossed over to the angioplasty arm because of persistent hypertension despite treatment with three or more drugs or because of deterioration of renal function. These patients were still analyzed as intention-to-treat (ITT). While the lack of benefit observed in this trial may be real, multiple flaws inherent in the study design prevent any convincing conclusions from being drawn.

Another major clinical trial is known as the STent placement and blood pressure and lipid-lowering for the prevention of progression of renal dysfunction caused by Atherosclerotic ostial stenosis of the Renal artery (STAR) trial.[@b48-ijnrd-7-169] STAR was a multicenter randomized study of 140 patients with RAS. Inclusion criteria included renal impairment (GFR \<80 mL/minute) and well-controlled blood pressure (\<140/90 mmHg) on a stable medication regimen for 1 month prior to enrollment. Patients were randomized to renal artery stenting and medical therapy or medical therapy alone. The primary outcome was a \>20% decrease in creatinine clearance during 2 years of follow-up. Ten of 64 patients (16%) in the stent placement group and 16 patients (22%) in the medication group reached the primary endpoint (hazard ratio: 0.73; 95% CI: 0.33--1.61). Several serious complications occurred in the stent group including two procedure-related deaths (3%), one late death secondary to an infected hematoma, and one patient required dialysis secondary to cholesterol embolism. There was no difference between the two groups in regards to other secondary endpoints: changes in blood pressure, incidence of refractory or malignant hypertension and pulmonary edema, cardiovascular morbidity and mortality, and total mortality. The authors concluded stent placement with medical treatment had no clear effect on progression of impaired renal function but led to a small number of significant procedure-related complications. They state that their findings favor a conservative approach to patients with ARAS, focused on cardiovascular risk factor management. Unfortunately, STAR represents yet another trial plagued with bias and design flaws. Of the 140 patients, 33% had only mild RAS (50%--70%). Furthermore, 12 of 64 patients (19%) in the stenting arm had RAS \<50% and did not receive a stent but were still analyzed in ITT. An additional six patients in the stent arm did not receive a stent (one received balloon angioplasty, one died before placement, two declined the stent, and two technical failures) but all were analyzed in ITT. It is also worth noting that \>50% had unilateral disease. This is important because bilateral disease is usually required to observe changes in creatinine clearance, which was the primary endpoint.

The third and largest clinical trial to date is known as Angioplasty and Stenting for Renal Artery Lesions (ASTRAL), a multicenter, prospective randomized study of 806 patients with uncontrolled or refractory hypertension or unexplained renal dysfunction with concomitant imaging to suggest RAS.[@b49-ijnrd-7-169] The primary outcome was change in renal function measured by mean slope of the reciprocal of a serum creatinine curve. Secondary outcomes were change in blood pressure, time to renal and major cardiovascular events, and mortality. Over a 5-year period, the rate of progression of renal impairment was −0.07 × 10^−3^ L/μmol per year in the revascularization group and −0.13 × 10^−3^ L/μmol per year in the medical therapy group. This was a difference favoring revascularization of 0.06 × 10^−3^ L/μmol per year (95% CI: −0.002 to 0.13; *P*=0.06). Over the same time period, the mean serum creatinine level was 1.6 μmol/L lower in the revascularization group than in the medical therapy group (95% CI: −8.4 to 5.2 \[0.02 mg per deciliter; 95% CI: −0.10 to 0.06\]). In regards to secondary endpoints, there was no significant difference in systolic blood pressure, while the decrease in diastolic blood pressure was smaller in the revascularization group. Similar rates of renal and major cardiovascular events were seen in both groups with hazard ratios of 0.97 (95% CI: 0.67--1.40; *P*=0.88), and 0.94 (95% CI: 0.75--1.19; *P*=0.61), respectively. Several serious complications associated with revascularization were observed in 23 patients including two deaths, and three amputations of toes or limb. From these results, the author's concluded that there was no evidence of a worthwhile clinical benefit from revascularization in patients with atherosclerotic renovascular disease. Selection bias is of particular concern in this trial. For patients to be enrolled, the treating physician had to determine that the patient was reasonable to be randomized, meaning it was uncertain if the subject would benefit from revascularization. If an individual was thought to need revascularization within 6 months, they were excluded. Ultimately, only 83% randomized to stenting actually underwent the procedure. Interestingly, one-quarter of patients had normal renal function at baseline and 41% had \<70% stenosis, but renal function was the primary outcome. It is concerning that recruitment took 7 years, and 42% of all sites only randomized between one to five patients while 61% randomized nine or fewer patients. Furthermore, the major adverse event rate at 24 hours was 9%, while the usual accepted rate is 2%.

The Cardiovascular Outcomes in Renal Atherosclerotic Lesions (CORAL) trial is a multicenter, randomized trial sponsored by the National Heart, Lung, and Blood Institute with results published in early 2014 in the *New England Journal of Medicine*.[@b50-ijnrd-7-169] CORAL was designed to compare optimum medical therapy alone to stenting with optimum medical therapy and is thought to have corrected for flaws inherent in previous trials of its kind. The primary outcome is a composite endpoint of major cardiovascular and renal adverse events. To be included in the trial, patients were required to have atherosclerotic renal stenosis of ≥60% with a systolic pressure gradient of 20 mmHg or stenosis ≥80% with no gradient necessary and systolic hypertension of ≥155 mmHg on at least two antihypertensive medications. After a median follow-up period of 43 months, the authors found no significant difference between the two groups in regards to the composite endpoint, any of the individual components of the composite endpoints, or all-cause mortality.

In summary, the major trials published to date have been unable to prove a clinical benefit of endovascular revascularization for the treatment of RAS. However, significant design flaws and selection bias plague many of these studies, thus, limiting the usefulness of available data. While a truly definitive answer remains elusive, the most recent data from CORAL is more convincing than that of previous studies, thus favoring medical therapy alone over stenting for the treatment of ARAS. Ongoing and future studies are likely to provide additional constructive data, further informing clinical decision-making.

Need for clinical predictors
============================

Despite a lack supporting data, marginal benefits seen in some studies may be more pronounced if appropriate subgroups were to be identified. Presumably, such patients would consistently benefit from revascularization. Several clinical predictors of successful outcomes following revascularization have been proposed.

Rocha-Singh et al followed 150 consecutive hypertensive patients with 180 renal artery lesions (≥75% stenosis) after undergoing renal artery stenting.[@b51-ijnrd-7-169] Multivariate logistic regression analysis was used to identify clinical variables related to improved blood pressure control at a mean follow-up of 13 months. Only BRAS or mean arterial pressure \>110 predicted blood pressure improvement. While brain natriuretic peptide (BNP) is already a well-known marker of congestive heart failure and major cardiovascular events, it may also play a role in predicting outcomes following RAS. Though initially released from the myocardium in response to myocyte stretch, BNP's primary physiological site of action is in the kidney. Interestingly, angiotensin II has been implicated in inducing the production of BNP.[@b52-ijnrd-7-169] In a study of 27 patients with refractory hypertension and significant RAS, BNP was measured before and after renal artery stent placement.[@b53-ijnrd-7-169] The authors observed an elevated BNP level in patients with significant RAS, and results indicated that a baseline BNP \>80 pg/mL appears to predict blood pressure response after successful stent revascularization.

Elevated pulse pressure (PP) has been used as a predictor of increased cardiovascular events, and evidence suggests that PP may help to predict outcomes following RAS revascularization as well. A retrospective study at the Loyola University Medical Center found that a low PP was associated with improvements and stabilizations in renal function as well as improvements and stabilizations in blood pressure.[@b54-ijnrd-7-169] The authors concluded that a wide PP may reflect more advanced vascular stiffness and renal disease, distinguishing patients less likely to benefit from revascularization.

Poor treatment response following revascularization might be explained by irreversible microvascular disease downstream of stenotic lesions secondary to longstanding hypertension. Hypertension induced glomerulosclerosis and nephrosclerosis may increase the resistance to flow through both affected and unaffected kidneys. An increase in resistance could, therefore, serve as a marker of structural alterations of the renal microvasculature. Clinically, increased intrarenal resistance can be observed by less diastolic flow and a more resistant waveform. The resistive index quantifies this observation with the formula \[1 − (end-diastolic velocity ÷ maximal systolic velocity)\] × 100. In 2001, Radermacher et al tested the hypothesis in 131 patients who underwent renal artery stent implantation.[@b55-ijnrd-7-169] It was concluded that a resistive index value ≥80 reliably identifies patients in whom invasive intervention will not improve renal function, blood pressure, or kidney survival. A study published 2 years later observed results to the contrary.[@b56-ijnrd-7-169] One hundred seventy-six patients with severe (≥70%) ostial ARAS were divided into three strata of resistive indices, \<0.7, 0.7--0.8, and \>0.8. All groups underwent renal artery stenting and all groups had similar reductions in blood pressure at discharge and similar improvements in renal function at 6-month follow-up.

The measurement of fractional flow reserve (FFR) is a technique commonly used in the evaluation of coronary artery lesions. FFR measures pressure differences across specific arterial lesions obtained during maximum hyperemia and is a marker of the severity of vascular disease. More recently, the technique was adapted to study renal arteries.[@b57-ijnrd-7-169] Using papaverine (endothelium independent vasodilator) to induce hyperemia of the renal vasculature of 13 patients, investigators found no correlation between blood pressure gradient, hyperemic pressure gradient, or FFR with angiographic stenosis. The best correlation was found between hyperemic pressure gradient and FFR (*r*=0.94). The poor correlation between angiographic stenosis and hemodynamic parameters implies that angiography alone provides insufficient diagnostic information.

Renal frame count (RFC) is a method of assessing and quantifying perfusion of the kidneys in the setting of RAS. By utilizing the frame counter on standard angiographic images, one can count the number of frames required for dye to pass through the renal parenchyma and reach a distally defined point. It has been hypothesized that following revascularization, improvement in two variables of renal perfusion, RFC and renal blush grade, would correlate with improvement in renovascular hypertension.[@b58-ijnrd-7-169] This hypothesis was tested in a series of 24 patients with unilateral RAS who underwent revascularization. The authors found that the RFC and renal blush grade were in fact impaired in RAS and improved following renal artery stenting. Specifically, an improvement in RFC \>4 was associated with lower blood pressures. Though not statistically significant, they also found that a baseline RFC ≥25 was 75% predictive of response to renal stent therapy. An optimal baseline RFC predictive of clinical response may be better defined by a larger study.

Characterization of renal artery plaques through intravascular ultrasound with virtual histology (VH-IUVS) has also shown promise in identifying a population potentially responsive to intervention. In a series of 25 patients who underwent VH-IUVS prior to renal artery revascularization, investigators found that a larger necrotic core was significantly associated with deterioration in estimated GFR following intervention.[@b59-ijnrd-7-169] Percentage of necrotic core has also been linked to a lack of improvement in RFC following RAS stenting. A similar series utilized VH-IUVS to characterize the stenotic arterial segment prior to revascularization, while RFC was measured before and after intervention.[@b60-ijnrd-7-169] The results demonstrated an association between increased necrotic core and lack of improvement in RFC following revascularization.

Cardiac destabilizing syndromes
===============================

While improvements in hypertension and renal function following revascularization of RAS remain elusive, it is important to remember the clear benefits seen in the treatment of cardiac destabilizing syndromes. As previously mentioned, flash pulmonary edema in the setting of hemodynamically significant RAS has earned the only Class I indication for revascularization according to current guidelines (ACC/AHA).[@b33-ijnrd-7-169] In the case of bilateral stenosis, the goal of stent placement is the restoration of renal blood flow, thus promoting the return of natriuresis. In addition, patients whose kidney function is no longer renin-dependent may be started on ACE inhibitors, thus improving long-term survival in the context of heart failure. In unilateral stenosis, reperfusion and reversal of renal ischemia removes the stimulus for angiotensin release, preventing acute increases in left ventricular afterload. This logic appears to be supported by convincing clinical data demonstrating benefits of revascularization. Koshla et al analyzed prospective registry data of patients with refractory hypertension and hemodynamically significant RAS presenting with UA (20 patients) or congestive heart failure (28 patients).[@b61-ijnrd-7-169] All patients underwent renal artery stent implantation with or without coronary intervention. Results indicated a benefit for revascularization, independent of having received PCI. New York Heart Association classification was improved in congestive heart failure patients and Canadian Cardiovascular Society angina classification was improved in patients with UA. Both effects were sustained in 73% of patients at a mean follow-up of 8.4 months. Bloch et al[@b9-ijnrd-7-169] reported similar results from a retrospective analysis of 90 patients (41% BRAS, 12% unilateral RAS) with pulmonary edema. Following revascularization, more than three-quarters of patients with BRAS and one-third of patients with unilateral RAS remained free of pulmonary edema. In addition, investigators have demonstrated reduction in hospitalizations due to heart failure, improvement in New York Heart Association functional classification, and increased utilization of ACE inhibitors following RAS revascularization.[@b62-ijnrd-7-169]

Conclusion
==========

RAS is a prevalent disease commonly encountered in association with other atherosclerotic vascular disease. RAS is associated with poor prognosis in terms of lesion progression, decline of renal function, and overall mortality. The detection of RAS can be accomplished via several effective diagnostic modalities, the choice of which can be tailored to the needs of individual patients. Once identified, the next step in management of RAS is unclear. Renal artery stenting is a therapy that has shown great promise, but has, thus far, not lived up to its expected and much hoped for potential. More outcome studies are needed to justify routine renal artery stenting for hypertension or chronic kidney disease. Better clinical predictors are needed to help with patient selection in hopes of identifying subgroups that might more consistently benefit from renal artery revascularization. Finally, it is important to recognize the well-established benefits of percutaneous intervention seen in the treatment of cardiac destabilizing syndromes.
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